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Introduction {#sec001}
============

Toll-like receptors (TLRs) are type I transmembrane proteins that play a key role in innate immunity and various inflammatory responses. Activation of TLRs and downstream signaling has important physiological, immunological and pathological significance \[[@pone.0146565.ref001]--[@pone.0146565.ref006]\]. TLR4, one of the most extensively characterized pattern-recognition receptors (PRRs), is the receptor for lipopolysaccharide derived from gram-negative bacteria. TLR4 can also be activated by endogenous damage-associated molecular pattern molecules (DAMPs, e.g., high mobility group box 1 \[HMGB1\] and S100 family) \[[@pone.0146565.ref002],[@pone.0146565.ref003],[@pone.0146565.ref006],[@pone.0146565.ref007]\]. Endogenous ligand-TLR4 interaction may initiate positive feedback loops where increasing tissue damage perpetuates proinflammatory responses \[[@pone.0146565.ref003],[@pone.0146565.ref008]\]. Recent findings have revealed a previously unappreciated involvement of TLR4 in sterile inflammation among a variety of cardiovascular diseases such as myocardial ischemia-reperfusion injury and stroke \[[@pone.0146565.ref001],[@pone.0146565.ref002],[@pone.0146565.ref004],[@pone.0146565.ref005],[@pone.0146565.ref009]--[@pone.0146565.ref011]\].

Abdominal aortic aneurysm (AAA), a common vascular disease in the elderly population, is a degenerative process of the abdominal aorta \[[@pone.0146565.ref012]\]. Clinically, AAAs can be repaired using open surgery and endovascular technique. However, the two established therapeutic managements are only indicated for patients whose AAA has surpassed 5.5 centimeters in diameter, i.e. a size with a substantially increased risk of lethal rupture \[[@pone.0146565.ref013],[@pone.0146565.ref014]\]. Nowadays physicians remain incapable of modifying the natural history of AAA progression. Nevertheless, more and more studies aimed at understanding the underlying events that support AAA development and developing potential therapeutic strategies that modify the disease course of AAA \[[@pone.0146565.ref013],[@pone.0146565.ref015]\]. Over the past 2 decades, researchers have begun to understand the molecular mechanisms driving aneurysm formation through studies of human specimens and three mouse AAA models (i.e., angiotensin II \[AngII\]-infusion model, CaCl~2~-induced model, and elastase-perfusion model). The three established mouse AAA models not only serve as a platform to perform pre-clinical studies for potential drugs but also help gain mechanistic insight into the sequence of biological processes during AAA development \[[@pone.0146565.ref013],[@pone.0146565.ref015],[@pone.0146565.ref016]\]. Sustained inflammation, as represented by upregulation of proinflammatory cytokines (e.g., tumor necrosis factor-α \[TNF-α\], interleukin-6 \[IL-6\] and monocyte chemoattractant protein-1 \[MCP-1\]) and infiltration of inflammatory cells (e.g., macrophages), may play a fundamental role during the initiation and development of AAA. In addition, increased production of matrix-degrading proteinases (e.g., matrix metalloproteinases \[MMPs\] and cysteinyl cathepsins) may result in destruction of elastin, loss of vascular smooth muscle cells (VSMCs) and consequent weakening of the aortic wall \[[@pone.0146565.ref013],[@pone.0146565.ref016]--[@pone.0146565.ref018]\]. Signaling pathways that underpin vascular inflammation and proteolysis of the aortic vasculature in these models may serve as therapeutic targets for potential pharmacotherapies of AAA \[[@pone.0146565.ref013],[@pone.0146565.ref014],[@pone.0146565.ref016]\].

Studies have shown that HMGB1 and S100A12, another recently recognized TLR4 ligand \[[@pone.0146565.ref019]\], contribute to vascular inflammation and MMP production, implicating a role of TLR4 in aneurysm lesions \[[@pone.0146565.ref012],[@pone.0146565.ref020],[@pone.0146565.ref021]\]. In addition, in one study focusing on the role of MyD88 in AAA, TLR4 deficiency attenuates AngII-infusion AAA in low-density lipoprotein receptor (LDLR)-deficient mice \[[@pone.0146565.ref022]\]. Also, Tanshinone IIA, a major extract from the traditional Chinese herb Salvia miltiorrhiza, inhibits elastase-induced AAA in rats possibly via inhibition of TLR4 signaling \[[@pone.0146565.ref023]\]. Despite these findings, the mechanism by which TLR4 might positively regulate aneurysm formation remains mostly unclear. In studies reported here, we have investigated the hypothesis that TLR4 might be essential in the pathogenesis of AAA. Using the CaCl~2~-induced AAA model in mice, TLR4 expression was evaluated during AAA formation. The effects of TLR4 inhibition by siRNA on cytokine and MMP production were explored *in vitro*. The experimental AAA model was induced in two strains of TLR4-deficient mice versus their respective controls to appraise the *in vivo* responses of TLR4 signaling blockade in AAA. Finally, human specimens were inspected for the potential clinical relevance of TLR4. These studies would help elucidate the role that TLR4 might play in AAA.

Materials and Methods {#sec002}
=====================

Mouse AAA model {#sec003}
---------------

The AAA model was induced by CaCl~2~ in male mice at age of 8 to 10 weeks as described previously \[[@pone.0146565.ref012],[@pone.0146565.ref024],[@pone.0146565.ref025]\]. After premedication with atropine, a laparotomy was performed under general anesthesia using intraperitoneal injection of sodium pentobarbital. The adequacy of anesthesia was monitored by loss of tail pinch and pedal withdrawal reflexes. After the abdominal aorta was exposed, a 26-gauge needle (0.45 mm in diameter) was placed parallel to the aorta, and the image was acquired with a digital camera attached to Zeiss dissection microscope. Subsequently, a small piece of cosmetic cotton pad soaked in 0.5 M CaCl~2~ solution was applied periaortically for 15 minutes. In sham group mice, CaCl~2~ was replaced with 0.9% NaCl. At indicated time points, the mice were sacrificed by phenobarbital overdose for image acquisition. The infra-renal aorta of each mouse was harvested for further biochemical and histological analysis. The point of the maximal aortic diameter was preferentially measured in proportion to the needle diameter under ImageJ software.

For TLR4 expression during AAA development, C57BL/6 mice that do not carry any genetic manipulation were used. To investigate the *in vivo* effects of TLR4 in AAA, C57BL/10ScNJ (TLR4-knockout; stock number: 003752) and C57BL/10ScSnJ (TLR4 wild-type; stock number: 000476) mice purchased from The Jackson Laboratory (Bar Harbor, ME), C3H/HeJ (TLR4-mutant) mice from CLEA Japan (Tokyo, Japan) and C3H/HeN (TLR4 wild-type) mice from Charles River Laboratories Japan (Yokohama, Japan) were used. Both C57BL/10ScNJ and C3H/HeJ mice do not express functional TLR4. A deletion of the TLR4 gene was represented in C57BL/10ScNJ mice, and a single point mutation in the TLR4 gene in C3H/HeJ mice. C57BL/10ScSnJ and C3H/HeN mice that do not express the mutation are considered to be their respective controls. The experimental designs conform to the *Guide for the Care and Use of Laboratory Animals* published by the National Institutes of Health (NIH Publication \#85--23, revised 1996), and this study were approved by Institutional Animal Care and Use Committee of National Cheng Kung University (approval number: 101117).

Quantification for TLR4, receptor for advanced glycation end-product (RAGE) and HMGB1 in mouse aortas or cell lysates {#sec004}
---------------------------------------------------------------------------------------------------------------------

The levels of TLR4, RAGE and HMGB1 in mouse aortas or cell lysates were analyzed using Western blot analysis. Equal protein amounts of mouse aortic homogenates were resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and were transferred to nitrocellulose by electroblotting. The membrane was blocked with PBS and Tween 20 containing 5% non-fat dry milk to prevent nonspecific antibody binding. After being probed with appropriate dilution of antibodies against TLR4 (Abcam, Cambridge, MA; catalog number: ab13556; rabbit polyclonal antibody), RAGE (H-300; Santa Cruz Biotechnology, Santa Cruz, CA; catalog number: sc-5563; rabbit polyclonal antibody) and HMGB1 (Abcam; catalog number: ab18256; rabbit polyclonal antibody) overnight at 4°C, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. The signal was detected using an enhanced chemiluminescence reagent (Amersham Pharmacia Biotech, Piscataway, NJ). The band intensity was quantitatively measured using ImageJ software. β-actin (Sigma-Aldrich, St Louis, MO) or GADPH (Sigma-Aldrich) was used to confirm equal protein loading.

Histological analysis of mouse aortas {#sec005}
-------------------------------------

Five-μm thick frozen sections of mouse aortas were applied for staining or immunostaining for TLR4 (1:100 dilution), macrophages (macrophage marker \[MOMA-2\], 1:200 dilution; Abcam; catalog number: ab33451; rat monoclonal antibody), VSMCs (α-smooth muscle actin \[α-SMA\], 1:400 dilution; Sigma-Aldrich; catalog number: A2547; mouse monoclonal antibody) and elastin degradation (Verhoeff-Van Gieson \[VVG\] staining). Isotype IgG control (Calbiochem, San Diego, CA) slides were provided as negative controls to confirm the specificity of respective primary antibodies in mouse AAA specimens ([S6 Fig](#pone.0146565.s006){ref-type="supplementary-material"}). All sections used for comparison were located at the maximal expansion of the infra-renal aorta and approximately at a similar distance from the renal arteries. These slides were visualized with a Carl Zeiss upright microscope. Digital images were acquired using a digital camera and were analyzed using ImageJ software. VSMC content, as represented by the intensity of α-SMA staining, was determined using HistoQuest software (TissueGnostics, Vienna, Austria), an automated image analysis system for quantification of protein expression \[[@pone.0146565.ref026]\]. Elastin fragmentation and macrophage counts were evaluated blindly by 2 independent observers. For each mouse, the intensity of α-SMA staining and numbers of elastin breaks and macrophages were measured in 3 serial 5-μm sections and the data were then averaged. The mean value from 6 mice in each group was presented.

Quantification for proinflammatory mediators and MMPs in mouse aortas or cell culture supernatants {#sec006}
--------------------------------------------------------------------------------------------------

Equal amounts of mouse aortic homogenates or cell culture supernatants were analyzed using commercially available ELISA kits specific for mouse TNF-α (R&D systems, Minneapolis, MN), IL-6 (R&D systems), MCP-1 (R&D systems), total MMP-9 (Abnova, Taipei, Taiwan) and total MMP-2 (Abnova), and for human TNF-α (eBioscience, San Diego, CA), IL-6 (eBioscience), MCP-1 (eBioscience), total MMP-9 (R&D systems) and total MMP-2 (R&D systems) according to the manufacturers' protocols. The protein concentration was determined by spectrophotometric optical density (450 nm) using an automated microplate reader (SpectraMax 340PC^384^; Molecular Devices, Sunnyvale, CA).

Cell cultures {#sec007}
-------------

Human aortic smooth muscle cells (HASMCs; Cascade Biologics, Portland, OR) were maintained in medium 231 containing 5% smooth muscle growth supplement (SMGS) at 37°C in a humidified atmosphere of 5% CO~2~ and 95% air. HASMCs (between passages 3 and 5) were grown to 80--90% confluence and were made quiescent by serum starvation (0.1% SMGS) for 24 hours. Subsequently, HASMCs were cultured in fresh medium without stimulation or were treated with indicated concentrations of recombinant human HMGB1 (R&D systems) for 24 hours.

SiRNA transfection {#sec008}
------------------

The cultured HASMCs were grown to 60--70% confluence and were transfected with equal amounts of TLR4 siRNA or control siRNA using DharmaFECT 2 (Thermo Fisher Scientific, Lafayette, CO) according to the manufacturer's instructions. After 48-hour transfection, the cells were harvested. Western blot analysis and real-time polymerase chain reaction (PCR) were performed to determine the silencing effects of TLR4 siRNA.

WST-1 viability assay {#sec009}
---------------------

Cells viability in 96-well plates (5 ×10^3^/well) was assessed using the WST-1 assay according to manufacturer's instructions (Roche, Mannheim, Germany). A 10-μL of WST-1 was added to the wells and was incubated for 1 hour. The absorbance was directly recorded at a wavelength of 450 nm in a microplate reader.

Human aortic specimens {#sec010}
----------------------

Human AAA specimens were obtained from 8 patients undergoing surgical repair of AAA. The paraffin-embedded tissue sections were retrieved from the tissue bank in National Cheng Kung University Hospital. Eight normal human aorta specimens obtained from autopsy (Pantomics, Richmond, CA; US Biomax, Rockville, MD; OriGene Technologies, Rockville, MD) were used for comparison. None of these individuals were known to have connective tissue disorders. This study was approved by the Institutional Review Board of National Cheng Kung University Hospital (approval number: A-ER-102-184). The informed consent was waived as the AAA specimens were de-identified. Immunohistochemistry with TLR4 antibody (1:50 dilution) was performed on 4-μm-thick formalin-fixed paraffin-embedded sections. The procedures were done with the Bond-Max automated immunohistochemistry stainer (Leica Biosystems, Melbourne, Australia). Counterstaining was carried out with hematoxylin. The intensity of TLR4 expression in the VSMCs was determined using HistoQuest software. To demonstrate possible co-localization of TLR4 and VSMCs or TLR4 and macrophages, AAA specimens were also applied for immunostaining for α-SMA (Sigma-Aldrich) and CD68 (1:50 dilution; DAKO, Carpinteria, CA; clone KP1; mouse monoclonal antibody), respectively. Isotype IgG control slides were provided as negative controls to confirm the specificity of respective primary antibodies in human AAA specimens ([S6 Fig](#pone.0146565.s006){ref-type="supplementary-material"}).

Statistical analysis {#sec011}
--------------------

Data were expressed as means ± SEM and statistical analyses were performed using Prism 5 (GraphPad Software; San Diego, CA). For comparisons between two groups, a Student's *t*-test was used in data that passed both normality and equal variance; otherwise, a non-parametric Mann-Whitney U test was performed. For comparisons between multiple groups, one-way analysis of variance was used in data that passed both normality and equal variance, followed by post hoc analysis (Bonferroni test); otherwise, a nonparametric Kruskal-Wallis test was used, followed by post hoc analysis (Dunn test). A *P*\<0.05 was considered statistically significant.

Results {#sec012}
=======

Upregulation of TLR4 during experimental AAA formation in mice {#sec013}
--------------------------------------------------------------

Previous studies have shown that the CaCl~2~ injury may result in experimental AAA in mice within 21 to 42 days \[[@pone.0146565.ref024],[@pone.0146565.ref025]\]. In the present study, while the aortic diameter of NaCl-group mice (sham group) exhibited a slight increase across the 28 days ([Fig 1A](#pone.0146565.g001){ref-type="fig"}), a significant aortic dilation in CaCl~2~-group mice was found on day 14 and a further dilation on day 28. To characterize the time-course profile of TLR4 protein expression during AAA development, the aortic specimens obtained at different time points following AAA induction were analyzed. The level of TLR4 in the aortic wall of NaCl-group mice did not exhibit remarkable change after AAA induction ([Fig 1B](#pone.0146565.g001){ref-type="fig"}). However, TLR4 expression was significantly elevated in CaCl~2~-group mice since day 3, a time point prior to significant aortic dilation on day 14 ([Fig 1A](#pone.0146565.g001){ref-type="fig"}). TLR4 expression was persistently upregulated since the initial stage of CaCl~2~-induced AAA formation and reached its peak at 14 days. At 28 days, TLR4 expression was decreased slightly but the level was still higher than that in NaCl-group mice.

![Upregulation of TLR4 during experimental AAA formation in mice.\
(A) Aortic diameter change during the 28 days of CaCl~2~-induced AAA formation (relative to day 0, n = 6 per group). (B) Time-course of TLR4 expression (relative to the level in normal aorta, n = 4 per group). (C) Representative microscopic photos of double-immunofluorescent staining for TLR4 with α-SMA and for TLR4 with MOMA-2 (a marker for macrophages). (D) VSMC content indicated by intensity of α-SMA staining on day 14 and day 28 (n = 6 per group). (\**P*\<0.05, \*\**P*\<0.01, n.s. *P*\>0.05 compared with NaCl-group. Aortic specimens for double-immunofluorescent staining were obtained 14 days after AAA induction. L indicates lumen. All scale bars represent 50 μm.)](pone.0146565.g001){#pone.0146565.g001}

The double-immunofluorescent staining for the aortic specimens obtained on day 3, 7 and 14 (i.e., the moment when TLR4 is highly expressed) revealed that TLR4 was predominantly observed in α-smooth muscle actin (α-SMA)-positive VSMCs and to a small extent in macrophage marker (MOMA-2)-positive macrophages ([S1 Fig](#pone.0146565.s001){ref-type="supplementary-material"} and [Fig 1C](#pone.0146565.g001){ref-type="fig"}). Therefore, the decline of TLR4 expression at the late stage may be associated with the quantitative reduction of VSMC content during this interval ([Fig 1D](#pone.0146565.g001){ref-type="fig"}). Taken together, these findings revealed that TLR4, derived mainly from VSMCs in the media, is highly abundant since the initial stage of experimental AAA formation in mice.

TLR4 mediates cytokine and MMP production in VSMCs {#sec014}
--------------------------------------------------

TLRs are involved in production of the proinflammatory cytokines IL-6 and MCP-1 \[[@pone.0146565.ref027],[@pone.0146565.ref028]\], both of which have been associated with macrophage recruitment, chronic inflammation and aneurysm formation \[[@pone.0146565.ref029],[@pone.0146565.ref030]\]. IL-6 and MCP-1 can be detected in the normal mouse aorta under an unstimulated condition \[[@pone.0146565.ref027]\]. Because VSMCs have been one of the primary sources of proinflammatory cytokines in the aortic wall \[[@pone.0146565.ref027],[@pone.0146565.ref028]\], human aortic smooth muscle cells (HASMCs) were transfected with TLR4 siRNA to determine whether TLR4 might be involved in basal IL-6 and MCP-1 secretion from HASMCs. After 48-hour transfection, the levels of TLR4 mRNA and protein were suppressed as compared with those in the control siRNA group ([S2 Fig](#pone.0146565.s002){ref-type="supplementary-material"}). With no ligand stimulation, HASMCs transfected with TLR4 siRNA had reduced IL-6 and MCP-1 secretion compared with those with control siRNA ([Fig 2A](#pone.0146565.g002){ref-type="fig"}).

![TLR4 mediates cytokine production in HASMCs.\
(A) Basal levels of IL-6 and MCP-1 were assessed after being cultured in fresh medium without stimulation for 24 hours (n = 4 per group). (B, C, D) The protein expression of TLR4 in cell lysates (B) and levels of IL-6 (C) and MCP-1 (D) in supernatants were assessed after HMGB1 treatment for 24 hours (n = 4 per group). (E) Levels of IL-6 and MCP-1 were assessed after HMGB1 treatment (100 ng/dl) for 24 hours (n = 4 per group). (\**P*\<0.05, \*\**P*\<0.01 compared with untreated or control siRNA group.)](pone.0146565.g002){#pone.0146565.g002}

The proinflammatory HMGB1 signaling may sustain either autocrine or paracrine positive feedback loops \[[@pone.0146565.ref008]\]. HMGB1 is highly abundant in the human AAA and CaCl~2~-induced model and is expressed in inflammatory cells, endothelial cells and also VSMCs \[[@pone.0146565.ref020]\]. Based on our finding that VSMCs are the major origin of TLR4 expression in AAA, we would therefore evaluate whether TLR4 ligation by HMGB1 might enhance the proinflammatory response (e.g., cytokine release) in VSMCs *in vitro* and whether blockade of TLR4 signaling inhibits the action of HMGB1 on VSMCs. As confirmed by WST-1 assay, recombinant human HMGB1 did not exert cytotoxic effects on HASMCs at the concentrations used (data not shown). Analysis of the cell lysates showed the increase in TLR4 expression corresponding to incremental concentrations of HMGB1 ([Fig 2B](#pone.0146565.g002){ref-type="fig"}), suggesting a positive feedback enhancing TLR4 expression on HASMCs after HMGB1 stimulation. In the supernatants, IL-6 ([Fig 2C](#pone.0146565.g002){ref-type="fig"}) and MCP-1 ([Fig 2D](#pone.0146565.g002){ref-type="fig"}) were enhanced by HMGB1 in a concentration-dependent manner, although TNF-α was not detectable via ELISA. Subsequently, HASMCs were transfected with TLR4 siRNA to determine whether the enhancement of IL-6 and MCP-1 production is mediated by TLR4 signaling. As shown in [Fig 2E](#pone.0146565.g002){ref-type="fig"}, siRNA to TLR4 significantly attenuated IL-6 and MCP-1 production, suggesting that HMGB1-enhanced cytokine secretion is at least in part through TLR4 signaling. Taken together, these findings suggested that TLR4 regulates secretion of IL-6 and MCP-1 from VSMCs regardless of ligand stimulation. Activation of TLR4 by HMGB1 may result in amplification of TLR4 signaling and promote release of IL-6 and MCP-1 from VSMCs.

HMGB1 may induce MMP production to promote extracellular matrix (ECM) destruction \[[@pone.0146565.ref012],[@pone.0146565.ref020]\]. VSMCs are the main origin of MMP-2 in the aortic wall \[[@pone.0146565.ref031],[@pone.0146565.ref032]\]. Thus, we would evaluate whether blockade of TLR4 signaling might inhibit HMGB1-enhanced MMP-2 in VSMCs. In HASMCs, MMP-2 was induced by HMGB1 in a concentration-dependent manner ([S3 Fig](#pone.0146565.s003){ref-type="supplementary-material"}), and siRNA to TLR4 attenuated MMP-2 production. These results indicated that HMGB1-induced MMP-2 production is mediated at least in part through TLR4.

In summary, blockade of TLR4 signaling by siRNA in VSMCs attenuated HMGB1-enhanced production of proinflammatory cytokines, specifically IL-6 and MCP-1, and matrix-degrading MMP-2, suggesting that TLR4 signaling regulates VSMC inflammation and proteinase production.

TLR4 deficiency attenuates experimental AAA induced by CaCl~2~ in mice {#sec015}
----------------------------------------------------------------------

Subsequently we evaluated whether deficiency of TLR4 signaling attenuates CaCl~2~-induced AAA formation *in vivo* using C57BL/10ScNJ mice (ScNJ \[TLR4-knockout mice\]) and C57BL/10ScSnJ mice (ScSnJ \[wild-type controls\]). The aortic diameters in ScNJ and ScSnJ mice on day 0 before CaCl~2~ injury were similar (0.48±0.02 mm versus 0.45±0.02 mm, n = 18; *P*\>0.05). However, on day 28 after AAA induction, the aortic diameter was significantly smaller in ScNJ mice than in ScSnJ mice (0.60±0.03 mm versus 0.90±0.04 mm; *P*\<0.001; [Fig 3A](#pone.0146565.g003){ref-type="fig"}). Analysis of the aortic specimens showed that the expression of HMGB1 was significantly lower in ScNJ than in ScSnJ ([Fig 3B](#pone.0146565.g003){ref-type="fig"}). The abundance levels of TNF-α, IL-6 and MCP-1 were significantly lower in ScNJ than in ScSnJ ([Fig 3C](#pone.0146565.g003){ref-type="fig"}). Compared with ScSnJ, ScNJ had reduced total production of MMP-9 and MMP-2 in the aortic tissue ([Fig 3D](#pone.0146565.g003){ref-type="fig"}).

![TLR4-knockout (A, B, C, D) and TLR4-mutant (E, F, G, H) mice are resistant to experimental AAA formation.\
(A, E) Aortic diameter on day 0 and day 28 after AAA induction (n = 18 per group in ScSnJ \[wild-type controls\] versus ScNJ \[TLR4-knockout mice\], n = 15 per group in HeN \[wild-type controls\] versus HeJ \[TLR4-mutant mice\]). (B, F) HMGB1 level by Western blot (n = 4 per group). (C, G) TNF-α, IL-6, MCP-1 concentrations by ELISA (n = 6 per group). (D, H) MMP levels by ELISA (n = 6 per group). (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, n.s. *P*\>0.05 compared with respective controls.)](pone.0146565.g003){#pone.0146565.g003}

The experimental AAA was also induced in C3H/HeJ mice (HeJ \[TLR4-mutant mice\]) and C3H/HeN mice (HeN \[wild-type controls\]). The aortic diameters in HeJ and HeN mice before CaCl~2~ injury were similar (0.46±0.01 mm versus 0.46±0.02 mm, n = 15; *P*\>0.05). However, the aortic diameter was significantly smaller in HeJ mice than in HeN mice on day 28 after AAA induction (0.77±0.04 mm versus 1.12±0.07 mm; *P*\<0.001; [Fig 3E](#pone.0146565.g003){ref-type="fig"}). Consistent with the aortic diameter change, the expression of HMGB1 ([Fig 3F](#pone.0146565.g003){ref-type="fig"}) and production of cytokines ([Fig 3G](#pone.0146565.g003){ref-type="fig"}) and MMPs ([Fig 3H](#pone.0146565.g003){ref-type="fig"}) were reduced in HeJ compared with HeN mice. In summary, CaCl~2~-induced aortic dilatation, vascular inflammation and proteinase production were attenuated in both strains of TLR4-deficient mice.

Knockout of TLR4 reduces HMGB1 expression, cytokine production and macrophage accumulation during aneurysm initiation {#sec016}
---------------------------------------------------------------------------------------------------------------------

We then induced the experimental AAA in ScNJ and ScSnJ mice to dissect the *in vivo* effects of TLR4 signaling blockade during AAA formation, especially in the early stage. Analysis of the aortic specimens obtained at 3 days revealed that the abundance levels of IL-6 and MCP-1 were significantly lower in ScNJ than in ScSnJ mice ([Fig 4A](#pone.0146565.g004){ref-type="fig"}). In addition, HMGB1 expression was significantly attenuated in ScNJ compared with ScSnJ mice ([Fig 4B](#pone.0146565.g004){ref-type="fig"}). In ScNJ mice, the protein expression of receptor for advanced glycation end product (RAGE), another HMGB1 receptor that promotes macrophage inflammation and MMP-9 production during aneurysm development \[[@pone.0146565.ref012],[@pone.0146565.ref033]\], was also decreased in comparison with ScSnJ mice ([Fig 4C](#pone.0146565.g004){ref-type="fig"}). Notably, the differences of TNF-α ([Fig 4A](#pone.0146565.g004){ref-type="fig"}) and infiltrating MOMA-2-positive macrophage numbers in ScSnJ and ScNJ mice (6.0±1.3 vs. 4.0±1.0 per high power field \[HPF\], n = 6 per group; *P*\>0.05; [Fig 4D](#pone.0146565.g004){ref-type="fig"}) at 3 days were not significant.

![TLR4 knockout reduces cytokine production, HMGB1 and RAGE expression and macrophage accumulation preceding AAA formation.\
(A) TNF-α, IL-6 and MCP-1 concentration on day 3 by ELISA (n = 6 per group). (B, C) HMGB1 (B) and RAGE (C) levels on day 3 by Western blot (n = 6 per group). (D) Macrophage numbers on day 3, day 7 and day 28 (n = 6 per group). (E) Macrophage immunostaining on day 7 and day 28. (\**P*\<0.05, \*\**P*\<0.01, n.s. *P*\>0.05 compared with ScSnJ mice. L indicates lumen. All scale bars represent 50 μm. White arrows indicate examples of MOMA-2-positive, DAPI-stained macrophages.)](pone.0146565.g004){#pone.0146565.g004}

Subsequently we examined the histological sections of aortic specimens obtained at 7 days to determine whether the early differences in ScNJ and ScSnJ mice at 3 days would affect the following macrophage infiltration. At 7 days, the infiltrating macrophage number became significantly higher in ScSnJ than in ScNJ mice (12.7±2.3 vs. 5.2±1.1 per HPF, n = 6; *P*\<0.05; [Fig 4D and 4E](#pone.0146565.g004){ref-type="fig"}). In summary, although the TNF-α level and macrophage number were similar in ScSnJ and ScNJ mice during aneurysm initiation, knockout of TLR4 signaling reduced IL-6 and MCP-1 levels, suppressed HMGB1 and RAGE expression and interfered with consequent accumulation of macrophages.

Finally, we examined the aortic pathologies in ScNJ and ScSnJ mice at 28 days. The MOMA-2-positive macrophages were detected abundantly in ScSnJ mice and significantly fewer macrophages were observed in ScNJ mice (26.5±5.7 vs. 5.0±1.3 per HPF; *P*\<0.01; [Fig 4D and 4E](#pone.0146565.g004){ref-type="fig"}), compatible with the differences of proinflammatory cytokines and MMP-9 observed in these two groups ([Fig 3C and 3D](#pone.0146565.g003){ref-type="fig"}). In parallel with the increased aortic diameter and levels of cytokines and MMPs in ScSnJ mice, histological analysis of the aortic specimens revealed fragmentation of elastic lamina and depletion of VSMCs ([S4 Fig](#pone.0146565.s004){ref-type="supplementary-material"}). However, elastin integrity and VSMC content in the media layer were highly preserved in ScNJ. Taken together, these findings revealed that knockout of TLR4 ameliorated vascular inflammation preceding AAA formation, thereby protecting mice from aneurysm development.

TLR4 is located in VSMCs and is upregulated in human AAA {#sec017}
--------------------------------------------------------

We have seen that TLR4 signaling is important in experimental mouse AAA. Finally, we sought to determine whether TLR4 might be relevant in human AAA. Immunohistochemically, TLR4 was prevalently expressed in the media layer ([Fig 5A](#pone.0146565.g005){ref-type="fig"}) and TLR4 staining was significantly increased in human AAA tissue versus normal aortas ([Fig 5B](#pone.0146565.g005){ref-type="fig"}). In addition, the double-immunofluorescent staining showed that TLR4 was mostly observed in α-SMA-positive VSMCs ([Fig 5C](#pone.0146565.g005){ref-type="fig"}), and to a lesser extent, in CD68-positive macrophages ([S5 Fig](#pone.0146565.s005){ref-type="supplementary-material"}), compatible with our findings in the experimental model. Therefore, TLR4 may be relevant in human AAA formation. Together with the observations in experimental AAA in mice, these data suggest that TLR4 might be considered as a novel therapeutic target for pharmacotherapies of AAA.

![TLR4 is highly expressed in human AAA.\
(A) Representative microscopic photos of TLR4 expression (stained red-brown) in the human normal aortas and AAAs. (B) TLR4 staining in VSMCs in human normal aortas and AAAs (n = 8 per group). (C) Representative microscopic photos of double-immunofluorescent staining for TLR4 with α-SMA in AAA. (\*\**P*\<0.01 compared with normal aorta group. M indicates media. Scale bars represent 100 μm \[A\] and 50 μm \[C\].)](pone.0146565.g005){#pone.0146565.g005}

Discussion {#sec018}
==========

Studies have investigated the expression and significance of TLR4 in AAA induced by AngII infusion. In apolipoprotein E-knockout mice, the protein expression of TLR4 was dramatically upregulated following AngII infusion for 3 days \[[@pone.0146565.ref034]\], although TLR4 gene expression was not differentially expressed in mice infused with AngII versus saline at 7 days in another study \[[@pone.0146565.ref035]\]. TLR4 upregulation was evident particularly in aneurysm-prone supra-renal but not in thoracic and infra-renal aortic regions in this model \[[@pone.0146565.ref034]\]. Rosiglitazone, a synthetic agonist selective for peroxisome proliferator-activated receptor-γ, effectively suppresses AngII-infusion AAA in part through inhibition of TLR4 signaling \[[@pone.0146565.ref034]\]. Despite the pronounced attenuation of AngII-infusion AAA formation in mice with whole body TLR4 deficiency, repopulation with TLR4-deficient bone marrow-derived cells in lethally irradiated LDLR-deficient mice exhibited no effects on AAA formation, suggesting that TLR4 exerted its action on AAA through non-hematopoietic cells \[[@pone.0146565.ref022]\]. While our study was being prepared for publication, a recent study reported that AngII-induced TLR4-mediated AAA in apolipoprotein E-knockout mice is dependent on STAT3 \[[@pone.0146565.ref036]\]. Using another widely-used CaCl~2~-induced model, our study demonstrated that TLR4 expression was upregulated since the initiation of AAA formation. TLR4 was expressed mainly by VSMCs in the media. TLR4 deficiency, either through deletion of TLR4 gene or an inactivating point mutation in TLR4, attenuated vascular inflammation and development of experimental AAA in mice. Knockout of TLR4 reduced IL-6 and MCP-1 levels and HMGB1 expression, attenuated macrophage accumulation, and eventually suppressed MMP production, elastin destruction and VSMC loss. Histological studies on human specimens revealed that TLR4 was located in VSMCs and was upregulated in AAA versus normal aortas. There is precedence for such an interesting observation that TLR4-bearing tissue-resident cells, rather than hematopoietic cells, contribute to local inflammation \[[@pone.0146565.ref037]\]. In summary, the results obtained from human samples and different mouse models suggest that upregulation of TLR4 in VSMCs may contribute to AAA formation since aneurysm initiation and corroborate the critical role for TLR4 signaling in AAA.

VSMCs, the major resident cells in the aortic wall, not only maintain aortic architecture by matrix synthesis \[[@pone.0146565.ref031],[@pone.0146565.ref038]\] but also participate in the elastolytic process in AAA by proteinase production \[[@pone.0146565.ref018],[@pone.0146565.ref024]\]. Recent work began to clarify the proinflammatory mechanisms of VSMCs in aneurysm diseases. VSMC-derived cyclophilin A is required for reactive oxygen species generation, MCP-1 production and MMP-2 activation in AngII-infusion AAA \[[@pone.0146565.ref039]\]. Due to absence of the human DAMP molecule S100A12 in mice, the VSMC-specific S100A12 transgenic mice are generated to investigate the role of S100A12 in aneurysm formation. These mice exhibit a progressive dilatation of the thoracic aorta in association with increased IL-6 production, activation of transforming growth factor β pathways and enhanced oxidative stress \[[@pone.0146565.ref021]\]. Recently, an apoptotic mediator protein kinase C-δ mediates VSMC apoptosis and inflammation by stimulating MCP-1 expression in AAA \[[@pone.0146565.ref030]\]. Also, EP4 prostanoid receptor stimulation increases MMP-2 activity and IL-6 production in VSMCs and EP4 antagonism inhibits the degradation of aortic elastic fiber \[[@pone.0146565.ref040]\]. More recently, Krüppel-like factor 4 regulates VSMC phenotypic switching and contributes to aneurysm development by enhancing cytokine production \[[@pone.0146565.ref041]\]. These findings suggest that during aneurysm development, VSMCs may shift toward a proinflammatory state and join directly in the inflammatory process, compatible with the postulate that VSMCs are the soil of AAA development \[[@pone.0146565.ref032]\].

In present study, we demonstrate a potential mechanism that TLR4 is an integral signaling molecule in regulating not only proteinase expression but also inflammation in VSMCs during aneurysm formation. TLR4 signaling promotes elastinolysis by mediating MMP-2 production in VSMCs. In addition, TLR4 is essential in maintenance of the basal IL-6 and MCP-1 expression in VSMCs \[[@pone.0146565.ref027]\], and contributes to a proinflammatory phenotype in VSMCs under stimulation. Consistent with the *in vivo* results showing that TLR4 signaling mediates IL-6 and MCP-1 production in VSMCs, TLR4 deficiency suppressed IL-6 and MCP-1 levels when the macrophage burden remains low in the early stage of AAA. More important, the present study demonstrated that stimulation with HMGB1 enhanced TLR4 expression in VSMCs *in vitro*, and in turn TLR4 deficiency attenuated upregulation of its ligand HMGB1 and another PRR that recognizes HMGB1, RAGE, *in vivo*. Activation of TLR4 signaling by DAMPs may create a positive feedback loop that sustains proinflammatory responses \[[@pone.0146565.ref003]\]. Our previous work has shown that HMGB1 and RAGE exhibit similar temporal expression patterns during CaCl~2~-induced AAA formation \[[@pone.0146565.ref012]\]. The present study further demonstrated that despite a late decline possibly due to VSMC loss, TLR4 exhibits a similar trend of upregulation with HMGB1 in the temporal expression pattern since AAA induction. TLR4 and RAGE share common ligands (e.g., HMGB1) and signaling pathways and are both PRRs that may sustain chronic inflammation through NF-κB activation \[[@pone.0146565.ref003],[@pone.0146565.ref007],[@pone.0146565.ref008],[@pone.0146565.ref042]\]. In addition, S100A12, another DAMP molecule recently recognized as a common ligand of RAGE and TLR4 \[[@pone.0146565.ref019]\], has been associated with production of IL-6 and MMP-2 and enhancement of aneurysm formation \[[@pone.0146565.ref021]\]. In conjunction with current knowledge obtained from previous studies \[[@pone.0146565.ref012],[@pone.0146565.ref020],[@pone.0146565.ref033]\], it appears reasonable that both TLR4, mainly on VSMCs, and RAGE, mainly on macrophages, transduce the proinflammatory activity of DAMPs such as HMGB1 to perpetuate inflammatory responses and proteolytic degradation during aneurysm development ([Fig 6](#pone.0146565.g006){ref-type="fig"}), as observed in other chronic inflammatory conditions \[[@pone.0146565.ref003],[@pone.0146565.ref007],[@pone.0146565.ref008]\].

![Possible mechanisms of TLR4 in promotion of AAA development.\
The schematic diagram shows that TLR4 on VSMCs, possibly in conjugation with RAGE on macrophages, sustains both inflammation and proteolysis in the aortic wall during aneurysm development.](pone.0146565.g006){#pone.0146565.g006}

Although whole body knockout of TLR4 led to reduction of IL-6 and MCP-1, attenuation of macrophage infiltration and inhibition of ECM degradation and aortic dilatation in mice, the major limitation of our study may be no direct evidence showing that these differences resulted from VSMC-specific TLR4 rather than TLR4 expressed by macrophages. Nevertheless, the majority of TLR4 expression was located to VSMCs both in the human AAA and experimental model. In addition, the *in vivo* observations at the early stage during AAA formation were compatible with the *in vitro* studies on VSMCs. As demonstrated previously, TLR4 exerts its action in AAA through non-hematopoietic cells \[[@pone.0146565.ref022]\]. These findings suggested that the aortic resident cells such as VSMCs, rather than macrophages, use TLR4 signaling in response to the proinflammatory milieu. Accordingly, we proposed the concept that the proinflammatory status of VSMCs mediated by TLR4 signaling sustains vascular inflammation and leads to AAA formation. Nevertheless, future studies using VSMC-specific TLR4-deficient mice are warranted to validate the findings presented in this study.

In conclusion, our study demonstrates that TLR4, derived mainly from VSMCs, is essential in AAA formation. TLR4 signaling mediates proteinase release from VSMCs, and more important, contributes to AAA formation by promoting cytokine production, specifically IL-6 and MCP-1, during aneurysm initiation and development. These findings support the view that TLR4 regulates the proinflammatory status of VSMCs in AAA. Therefore, targeting TLR4 may serve as a potential therapeutic strategy for AAA, especially in the early stage of aneurysm formation.
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###### Representative microscopic photos of double-immunofluorescent staining for TLR4 with α-SMA and for TLR4 with MOMA-2 (a marker for macrophages) on (A) day 3 and (B) day 7. (L indicates lumen. All scale bars represent 50 μm.)

(TIF)

###### 

Click here for additional data file.

###### Silence of TLR4 in VSMCs using siRNA.

VSMCs were transfected with control siRNA or TLR4 siRNA and TLR4 expression was determined by (A) real-time PCR and (B) Western blot analysis 48 hours after transfection. These observations are typical of those obtained in 3 different experiments.

(TIF)

###### 

Click here for additional data file.

###### Knockdown of TLR4 attenuates HMGB1-induced MMP-2 in HASMCs.

\(A\) Levels of MMP-2 in supernatants were assessed after HMGB1 treatment for 24 hours (n = 4 per group). (B) Levels of MMP-2 in supernatants were assessed after HMGB1 treatment (100 ng/dl) for 24 hours (n = 4 per group). (\**P*\<0.05, \*\**P*\<0.01 compared with untreated or control siRNA group.)

(TIF)

###### 

Click here for additional data file.

###### TLR4 knockout confers protection against elastin destruction and VSMC loss.

\(A\) Medial elastin degradation on day 28 (n = 6 per group). Elastin degradation grading scales (4 grades) by VVG staining are shown in right panels. (B) VSMC content indicated by intensity of α-SMA staining on day 28 (n = 6 per group). (\*\**P*\<0.01 compared with ScSnJ mice. L indicates lumen. Blue arrows indicate disrupted elastic lamella. All scale bars represent 50 μm.)

(TIF)

###### 

Click here for additional data file.

###### Representative microscopic photos of double-immunofluorescent staining for TLR4 with CD68 in AAA.

(All Scale bars represent 50 μm.)

(TIF)

###### 

Click here for additional data file.

###### Negative controls of immunostaining.

Representative microscopic images of immunostaining with respective isotype-matched IgG controls in (A, B) the mouse CaCl~2~-induced AAA (in comparison with microscopic images shown in [Fig 1C](#pone.0146565.g001){ref-type="fig"} and [S1 Fig](#pone.0146565.s001){ref-type="supplementary-material"}) and (C) the human AAA (in comparison with microscopic images shown in [Fig 5C](#pone.0146565.g005){ref-type="fig"} and [S5 Fig](#pone.0146565.s005){ref-type="supplementary-material"}). (L indicates lumen. All Scale bars represent 50 μm.)

(TIF)

###### 

Click here for additional data file.
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